Introduction
Prenatal exposure to cocaine may have long-term effects on brain development. Preclinical findings and theoretical models suggest that prenatal cocaine exposure will affect the long-term development of higher-order cognitive processes and related brain regions [1] [2] [3] . Longitudinal evidence indicates that there are long-term, though subtle, effects of prenatal exposure on behavior and cognitive functioning [4] . Direct evidence of longterm effects of prenatal cocaine exposure on brain development in children is emerging, but remains limited [5] .
Using proton magnetic resonance spectroscopy, one study reported elevated creatine levels in frontal white matter in school-aged children with prenatal cocaine exposure [6] . Another study, using diffusion tensor imaging, found prenatal cocaine exposure to be associated with higher average diffusion in frontal brain regions in 10 year olds, including medial and lateral white matter tracts [7] , suggesting immature development of frontal white matter tracts. One recent study reported reduced caudate volumes in adolescents with prenatal cocaine exposure [8] , whereas another study of this same cohort reported increased resting cerebral blood flow in frontal and limbic regions [9] . These studies are consistent with earlier findings of short-term effects of prenatal cocaine on electrophysiologic measures of brain function, including lower EEG coherence at birth, lower spectral EEG power at 1 year of age [10] , and prolonged brainstem conduction times, as measured by peak latencies on auditory brainstem response, at 1-month corrected age [11] .
Findings from a recent fMRI study suggested that there was a subtle pattern of increased left prefrontal brain activation associated with increased working memory demands in cocaine-exposed adolescents versus nonsubstance-exposed controls [5] . No other studies have examined brain functioning in this population beyond early infancy [10, 11] . Our study investigated the effects of prenatal cocaine exposure on brain functioning in a group of 8 to 9-year-old children recruited from an ongoing longitudinal study of prenatal cocaine exposure, the Maternal Lifestyle Study (MLS). This subset of children from the MLS was examined in order to provide an initial test of hypothesized differences in brain functioning in children with prenatal cocaine exposure. Chronic cocaine use affects executive functions and related frontal brain regions in adults [12, 13] . Animal models of prenatal cocaine exposure have documented effects on dopaminergic systems and frontal-striatal brain regions [14, 15] . Although research has not yet firmly documented effects of prenatal cocaine exposure on executive functions in humans, teratogenic models predict such effects [2, 3] , and recent research has found increases in externalizing behaviors in cocaine-exposed children [16] , which in turn is likely to be related to functional and structural differences in fronto-striatal brain regions [17, 18] . Thus, based on this prior research, we predicted that functional differences for exposed children would be seen in regions including the prefrontal cortex, anterior cingulate, and related subcortical structures. We examined neural responses during a simple motor response inhibition task, chosen because such tasks test an aspect of executive control of cognition and behavior that has been consistently related to cocaine use in adults [19] , and that may be related to the cognitive and behavioral risks seen in children with prenatal cocaine exposure.
Methods

Participants
Twenty-four right-handed 8 to 9-year-old children were recruited from the Providence site of the MLS, an ongoing longitudinal study of the effects of prenatal cocaine exposure on child developmental outcome [20] . Prenatal exposure to cocaine was identified by meconium toxicology (screen followed by gas chromatography/mass spectroscopy confirmation) and/or maternal self-report of use during pregnancy [21] . Exclusionary criteria included chromosomal abnormalities, TORCH (toxoplasmosis, rubella, cytomegalovirus, herpes, syphilis) infection confirmed before 1-month corrected age, or relocation outside the catchment area. A total of 1,388 children were included in the MLS (658 cocaine exposed and a matched sample of 730 unexposed), with 211 enrolled at the Providence site (107 cocaine exposed, 104 unexposed).
Informed consent was sought from a sequence of 33 of these eligible children and parents during study visits to the Providence MLS. Children with IQ scores ! 70 were not recruited for the fMRI study. Of the eligible children, 24 (73%; 12 cocaine exposed and 12 non-exposed) completed the procedures ( table 1 ) . Children who completed the fMRI study were generally representative of the MLS sample. There were no significant differences between the fMRI and full MLS cohorts in terms of gender, socioeconomic status, birth weight, or gestational age. The fMRI sample was less likely than the full MLS sample to be described as black, although the fMRI sample was representative of the racial and ethnic characteristics of the Providence MLS cohort. Children in the fMRI sample had higher IQ scores than the overall MLS sample (p = 0.007), although this appeared to be a function of the recruitment criteria (there was no significant difference in IQ when limited to children with IQ 1 70).
Exposure to substances other than cocaine varied in both groups. Seven of the 12 children in the non-cocaine exposed group had prenatal exposure to alcohol and/or tobacco. Five children in the non-exposed group had no evidence of exposure to these substances. Eleven of the 12 children in the cocaine group were reported to have had prenatal exposure to alcohol, tobacco, or marijuana. The cocaine-exposed and non-exposed groups were balanced on gender, social class, gestational age (OB best estimate), and IQ (based on the Wechsler Intelligence Scale for Children III). The study was approved by the appropriate institutional review boards at the Women and Infants Hospital of Rhode Ranges are given in parentheses. The only significant difference between the groups was that cocaine-exposed children were more likely to have been exposed to other drugs. * p < 0.05.
Island, Memorial Hospital of Rhode Island, and Rhode Island Hospital. Informed consent was obtained from all parents or guardians, and all children provided assent.
Experimental Design
During the fMRI session, children were administered a variant of a go/nogo behavioral task based closely on the procedures previously reported [18, 22] . The task utilized age-appropriate stimuli (Pokémon characters), and followed an event-related design [23] . Children were instructed to press a response button during most trials (go stimuli), and were instructed to withhold the response for 1 specific stimulus (the nogo stimulus). The task included 4 runs with 57 stimuli per run (including 43 go trials and 14 nogo trials). Order of presentation varied on a pseudorandom basis. Stimulus duration was 1,000 ms and interstimulus intervals varied on a pseudorandom basis between 3,000 and 5,000 ms (average interstimulus interval = 4,000 ms). Task images were displayed onto a rear-projection screen placed at the foot of the MRI bed and were viewed via a mirror attached to the MRI head coil.
Responses were recorded using an MR-compatible piano key response box placed on the right side of the participants. Children were instructed to press the button with their right index finger.
Image Acquisition
Images were acquired with a 1.5-T MRI system (Siemens Medical Solutions, Erlangen, Germany). Anatomic T 1 -weighted images were co-registered with functional echo planar T 2 -weighted images. Anatomic images were obtained using the following parameters: echo time = 4.1 ms, repetition time = 1,900 ms, field of view = 256 mm, slice thickness = 1 mm, resolution = 1 ! 1 ! 1 mm.
Functional images were acquired with T 2 -weighted images using the blood oxygenation level dependent (BOLD) contrast [24] . Functional image acquisition utilized the following parameters: echo time = 38 ms, repetition time = 3,840 ms, field of view = 192 mm, slice thickness = 3 mm, data matrix = 64 ! 64, no skip, voxel size = 27 mm 3 . BOLD acquisitions were interleaved. Children were in the MRI scanner for 40-45 min, including two 7-min structural scan sessions and functional imaging during the 4 runs of the event-related response inhibition task.
Data Analysis
The functional time series data were analyzed using the AFNI software [25] . Individual activation maps were created by fitting a ␥ -function model to the movement-corrected fMRI time series. BOLD signal change was modeled for correct responses (i.e. nogo trials where the child inhibited the button push). Images were normalized into a common stereotactic space [26] using standard coordinates [27] , and data were pooled across participants within groups. Functional images were spatially blurred (6 mm; gaussian filter). Individual scans were averaged, and group functional activation maps were superimposed over a representative anatomic image.
Statistical Analysis
Subject data, including demographic information, prenatal drug exposure information, postnatal developmental data, and behavioral task performance results were analyzed with 2 analyses for categorical data and t tests for continuous data. For fMRI data, voxel-wise tests of between-group differences in fMRI signal change during nogo-correct trials were performed using ANOVA (i.e. differences between groups in the hemodynamic response during successful nogo inhibition trials). Results were thresholded using the 2-level correction for multiple comparisons (p ! 0.001, clusters 1 26 voxels). Follow-up analyses were conducted within groups by testing for voxel clusters with significant fMRI signal change during nogo trials (i.e. BOLD signal during nogo trials minus average BOLD signal across the experiment). These tests utilized ANOVA and included the 2-level correction described above.
Results
Subject Characteristics and Behavioral Data
Cocaine-exposed and non-exposed children did not differ significantly in the percent of correct go trials or nogo trials. For go trials, the mean performance ( 8 SE) was 91 8 3% for exposed and 93 8 5% for non-exposed children. For nogo trials, the mean performance was 81 8 3% for exposed and 76 8 5% for non-exposed children. One child in the non-exposed group had a low percentage of nogo-correct trials (48%), and 1 child in the exposed group responded correctly on 61% of the nogo trials. Because these children had high response rates for go trials ( ! 90%), it was assumed that the correct responses to the nogo trials reflected successful inhibition of the motor response. Thus, their data were retained.
Imaging Data
Between-Group Effects Statistically significant group differences in BOLD signal change were observed during nogo trials ( table 2 ; fig. 1 ). Cocaine-exposed children showed greater BOLD signal change than non-exposed children in regions of the right inferior frontal cortex and the caudate body. In contrast, non-exposed children showed greater BOLD signal in regions of the left middle occipital cortex and the fusiform gyrus, among other regions.
Within-Group Analyses
We also conducted exploratory analyses in order to investigate the possible patterns of brain regions showing significant changes in BOLD signal associated with nogo correct trials within the cocaine-exposed and non-exposed groups. The cocaine-exposed group showed a pattern of activation that included the right hemisphere and anterior regions ( table 3 ) . For the cocaine exposed group, frontal activity was observed bilaterally in the anterior cingulate, as well as the right middle, superior, and medial frontal gyri. Other regions that showed activations in this group were observed in the insula and in the striatum (right putamen and caudate body).
The non-exposed group showed a pattern of activation that was more posterior as compared to the exposed children, including bilateral activations in the fusiform gyrus, the inferior and middle occipital gyri, and the lingual gyri. Frontal regions that were activated in this group included left hemisphere regions of the superior, middle, and inferior frontal gyri. The non-exposed group also showed a small region of activation in the right anterior cingulate.
Conclusion
We investigated brain activation patterns in schoolaged children with prenatal cocaine exposure and nonexposed controls during a response inhibition task. The hemodynamic response to stimuli during response inhibition differed between exposed and non-exposed children. Cocaine-exposed children showed greater activation in frontal and striatal regions, areas that prior research has shown to be associated with controlled attentional processes in typically developing children [18] . In contrast, non-exposed children showed greater activations in regions of the occipital cortex and the fusiform gyrus. The regions that were found to differentiate the cocaine-exposed from non-exposed children were generally similar to regions identified in prior research to be related to response inhibition in children and adolescents [17, 28] . However, research has reported developmental changes across adolescence and into adulthood that reflect increased activation of frontal and striatal regions associated with response inhibition [28, 29] . Developmental changes may reflect differential or alternative recruitment of brain regions to support cognitive functions with maturation [28, 30] . While the current study was not longitudinal, these data do raise the hypothesis that prenatal cocaine exposure may affect long-term brain maturational processes underlying response inhibition. These results are preliminary evidence that prenatal cocaine exposure is associated with functional differences in neural systems underlying response inhibition. Exposed children appeared to recruit fronto-striatal networks during response inhibition to a greater extent than non-exposed children. Thus, one interpretation of these results is that prenatal exposure may affect brain regions that are involved in the cognitive control and regulation of attention. In this way, these results are consistent with the theory that prenatal cocaine exposure affects developing monoaminergic systems and executive functions [1, 2] . This does not necessarily mean that our findings are reflective of functional deficits in fronto-striatal networks. As noted earlier, recent research has found that prenatal cocaine exposure may be related to elevated frontal creatine [6] , elevated diffusion in frontal regions measured by diffusion tensor imaging [7] , increased frontal cerebral blood flow [9] , and increased left prefrontal activity measured by fMRI during a working-memory task [5] . Thus, one hypothesis going forward is that func- Table 3 . Regions active during inhibition ('nogo') trials for cocaine-exposed (A) and non-exposed children (B) Clusters, with inclusive regions, in descending order by volume. RL = Right-left; AP = anterior-posterior; IS = inferior-superior.
tional differences seen in this population may reflect the engagement of compensatory mechanisms during executive tasks. Other alternative explanations of these data are also possible. For example, the differences in the hemodynamic response in right frontal and striatal regions in the exposed group, as compared to occipital and temporal activations in the non-exposed group, could indicate more automatic processing of visual information in the non-exposed group, and thus may reflect a differential recruitment of brain regions rather than regional dysfunction, per se. Alternatively, groups may have differed in the degree of salience attributed to the task stimuli or to the degree to which they monitored their performance for errors. These differences were not due to performance differences between the groups. Neuroimaging studies may be able to identify subtle but meaningful differences in cognitive processing even in the absence of performance differences on cognitive tasks. In fact, differences in brain function in the absence of performance deficits on a particular task or behavioral probe may have special value to the study of developmental psychopathology and the development of at-risk children [28] .
These findings are also consistent with known longterm effects of cocaine in adults. Long-term effects of cocaine use on executive functions and measures of brain functioning in frontal regions subserving these functions, even after periods of abstinence, have been documented [12, 31] . Long-term cocaine use in adults is associated with reduced prefrontal cortical volume [13] , decreased brain maturation in the frontal and temporal lobes [32] , reduced white matter integrity in the frontal lobes [33] , and decreased gray matter concentrations in orbitofrontal and anterior cingulate regions [34] . Although there is the possibility that our groups differed in patterns of functional activation in the anterior cingulate, these results were found in exploratory post hoc analyses, and thus cannot be considered definitive. Nonetheless, these results do raise the hypothesis that prenatal cocaine exposure may in some ways affect similar brain regions affected by chronic cocaine use in adults. Alternatively, these results raise the possibility that prenatal cocaine exposure may be associated with a differential recruitment of brain regions underlying cognitive inhibition.
Our results are also consistent with animal models, which predict some specificity of prenatal cocaine exposure effects on brain regions high in dopamine receptor concentrations [14, 35] . However, the effects of prenatal cocaine are not limited to dopamine. For example, repeated cocaine administration results in reduced GABAmediated inhibition of medial prefrontal neurons in adult rats [36] . Recent findings from a mouse model have demonstrated delayed tangential migration of GABA-ergic interneurons to cortical areas, including the medial prefrontal cortex, following prenatal cocaine exposure [37] . Thus, the effects of prenatal cocaine exposure on neurotransmitters are not limited to dopamine, and such effects (e.g. on the functional maturation of GABA circuitry) may contribute to some of our fMRI findings.
Past research has indicated that there may be reduced recruitment of brain regions associated with executive functions (e.g. working memory) as task performance becomes more automatic [38, 39] . While the present study did not directly address this issue, it is possible that the groups differed in the degree to which they recruited more controlled attentional mechanisms to complete the nogo task. Thus, one hypothesis may be that prenatal cocaine impacts the integrity of brain regions that support the development of executive functions and that such effects may be reflected in subtle though functionally significant differences in cognitive, social, or adaptive functioning in this population.
There are limitations to this study. The sample size is small and most children were exposed to drugs other than cocaine. The design of the MLS allowed for exposure to alcohol, marijuana, and tobacco in the unexposed groups because it is well documented that most women who use cocaine also use these other substances. Cocaine-exposed children in the other imaging studies were also exposed to other substances [5, 6, 9] . The fact that we did find group differences with other substance exposure in both groups does point to the potential role of prenatal cocaine on the development of executive function-related brain systems. However, we could not fully explore the relative effects of cocaine and prenatal exposure to other substances. Also, the presence of other drug exposures in the comparison group allowed for a preliminary test of brain differences that may be more specifically attributable to cocaine exposure. However, the lack of a typical control group does not allow us to rule out the possibility that the children with other drug exposures were atypical in brain response as well.
Another potential limitation is that although we controlled for socioeconomic status, we cannot rule out other postnatal environmental factors that could have influenced our findings. We also cannot rule out the degree to which other child characteristics may have affected our findings. While the children in this study were representative of the overall MLS sample, it is possible that selec-tion biases (e.g. toward children who could complete the scan session; away from those children who declined to participate) may limit the generalizability of findings to the population of children with prenatal cocaine exposure. Related to this issue is whether the presence or absence of attention deficit hyperactivity disorder (ADHD) affected the findings. There were 5 children in this sample who later received diagnoses of ADHD at age 11 years, 3 in the cocaine exposed group and 2 in the non-cocaineexposed group (diagnosis determined by the Diagnostic Interview Schedule for Children) [40] . This sample composition did not allow for a full exploration of the effects of ADHD or other diagnostic classifications on the fMRI results, and this is recognized as a limitation to this study. However, the regional differences in brain activation between groups remain when these children with ADHD were excluded from the analyses on a post hoc basis. Finally, we did not exclude children based on history of prematurity for this preliminary study. Recent research has reported differences in brain structure and function in premature children, particularly in the temporal lobe [41] [42] [43] . While the behavioral task employed in this study is different than those used in recent research with premature infants, it is acknowledged that this type of heterogeneity in our sample is a limitation. Thus, future work in this area should be designed to address these issues, either with statistical controls (requiring larger sample sizes) or more focused sampling and selection criteria.
The limitations identified above underscore the fact that these results need to be viewed as preliminary in nature. Nonetheless, if replicated, our findings would suggest that prenatal cocaine exposure is associated with long-term effects on brain development and could help explain the cognitive deficits that have been reported in this population, for example, in the area of executive function. It would also be important for future research to determine whether these deficits in brain function are related to other developmental outcomes such as school performance or psychopathology, including early onset of substance use in these children.
